Relatively little is known regarding the role of wildlife in the development of antibiotic resistance. Our aim was to assess the presence of the tetracycline resistance genes, tet(A), tet(B), tet(C), tet(D), tet(E), tet(G), tet(K), tet(L), tet(M), tet(O), tet(P), tet(Q), tet(S), and tet(X), in tissue samples of 14 hedgehogs (Erinaceus europaeus) and 15 crested porcupines (Hystrix cristata) using PCR assays. One or more tet genes were found in all but three hedgehogs and one crested porcupine. Of the 14 tetracycline resistance genes investigated, 13 were found in at least one sample; tet(G) was not detected. We confirmed the potential role of wild animals as bioindicators, reservoirs, or vectors of antibiotic-resistant bacteria in the environment.
The tetracyclines are one of the most widely used classes of antimicrobial agents in human and veterinary medicine and agriculture due to their broad spectrum of activity, low cost, oral administration, and the occurrence of few side effects. The widespread use of tetracyclines has subjected bacterial populations to selection pressure and increased the prevalence of tetracycline resistance, one of the most abundant antibiotic resistances among pathogenic and commensal microorganisms. Tetracycline resistance is generally caused by the acquisition of tetracycline resistance (tet) genes, identified in environmental and animal-and aquaculture-associated bacteria. Three main resistance mechanisms are coded by tet genes: active efflux pumps, ribosomal protection, and enzyme inactivation. The first two mechanisms currently predominate in clinical settings (Roberts 2005) .
The spread of antimicrobial resistance (AMR) has commonly been attributed to clinical or farming overuse of antimicrobials. Nevertheless, AMR has also been reported in the absence of antimicrobial treatments, as in wild animals such as deer (Carroll et al. 2015) , wild rodents (Furness et al. 2017) , wild boars (Sus scrofa; Poeta et al. 2007 ), wolves (Gonçalves et al. 2013a) , lynxes (Gonçalves et al. 2013b) , red foxes (Vulpes vulpes; Radhouani et al. 2013) , wild rabbits (Figueiredo et al. 2009 ), and birds (Sato et al. 1978) .
Small wild mammals are considered to be environmental bioindicators because they are affected by changes in their habitat and by environmental contaminants, thus enabling the detection of environmental trends. In this regard, the potential role of the hedgehog as a bioindicator for environmental contamination from organochlorine compounds, heavy metals, and anticoagulant rodenticides has been reported (Alleva et al. 2006; D'Havé et al. 2007; Dowding et al. 2010) . With respect to AMR, small wild mammals have been documented to frequently interact with sources of human and agricultural waste (Radhouani et al. 2014) , and are thus potentially exposed to anthropogenic sources of AMR in the environment.
The aim of this study was to evaluate the presence of 14 tetracycline resistance genes in tissue samples from 14 European hedgehogs (Erinaceus europaeus) and 15 crested porcupines (Hystrix cristata) using PCR. Eight of the 14 hedgehogs and all the crested porcupines were from the Emilia Romagna region (Northern Italy), collected at a wildlife recovery center from October 2017 to March 2018, then submitted to the Bologna section of the Lombardy and Emilia-Romagna Experimental Zootechnic Institute for investigation within a regional monitoring plan for wildlife. Most of the animals showed limb fracture, head trauma (presumably due to road accidents), pulmonary congestion, or cachexia. We extracted DNA from 75 samples of organs such as the intestine, liver, spleen, kidney and lung, using a commercial kit (DNA mini kit, Qiagen, Hilden, Germany) and following the manufacturer's recommendations. One extraction control was also included consisting of kit reagents only. Regarding the remaining six hedgehogs, DNA extracted from 13 formalin-fixed and paraffin-embedded (Burach et al. 2014 ) tissue pools or organs was provided by the Institute of Veterinary Pathology (University of Zurich, Switzerland). Of those six hedgehogs, five were from the Zurich region and one was from the canton of Valais.
In total, 88 DNA samples were tested for 14 tetracycline resistance genes involved in the three tetracycline resistance mechanisms:
, tet(S) in the ribosomal protection, and tet(X) in the enzymatic inactivation. We carried out PCR using primers described by Ng et al. (2001) . The DNA extracted from Escherichia coli field strains, containing tetracycline resistance plasmids, was used as a positive control. The extraction control and a distilled water negative control were also included. The amplicons were purified using a QIAquick PCR purification kit (Qiagen), and both DNA strands were sequenced (Bio-Fab Research, Rome, Italy). The sequences obtained were compared with the public sequences available using the BLAST server in GenBank (National Center for Biotechnology Information 2018).
Of the 23 animals tested from Italy (fresh samples), 100% (8/8) hedgehogs and 93% (14/ 15) of the crested porcupines were positive for one or more tet genes (Table 1) , with an average number of 4.2 tet genes per animal. Of the Swiss hedgehogs (formalin-fixed samples), 50% (3/6) were positive for one or more tet genes, with an average number of 0.7 tet genes per animal ( Table 2) . Thirteen of the 14 tet genes were found in at least one sample. The tet(G) gene was not detected. The tet(M) gene was found in 52% (15/29) animals, being the most commonly detected tet gene, followed by tet(K) and tet(X), both at 41% (12/29). With respect to the samples tested, tet(X) was found in 32% (28/88) samples, followed by tet(M) which was found in 31% (27/88).
For each tet gene amplified, the identity of the amplicon was confirmed by the comparison between the sequence obtained and the corresponding sequences from antibioticresistant gram-positive or gram-negative bacteria in the GenBank database, showing 99-100% nucleotide similarity. One sequence for each of the 13 tetracycline resistance genes amplified was deposited in the Gen-Bank database under accession numbers MH837952 to MH837964.
The results of the present study confirmed that small wild mammals may function as sentinels, environmental reservoirs, or potential vectors of antibiotic-resistant bacteria or resistance genes in the environment and transmission to other hosts, including humans. A very high gene prevalence was highlighted in the fresh samples both from hedgehogs and porcupines, while a low tet prevalence was observed in formalin-fixed samples, probably due to the fixation process which is known to exhibit nucleic acid degradation (Feldman 1973) .
Small mammals could acquire antimicrobials, antimicrobial residues, resistant bacteria, or mobile genetic elements from humaninfluenced habitats. Additional selection pressures for antibiotic resistance in natural microbial communities could occur, taking into account that most antibiotics are produced by strains of fungi and bacteria that occur naturally in all environments, including soil (Martin and Liras 1989) .
All the inner organs tested in addition to the intestine were positive at least once for one or more tet genes. Most of the culture-based studies focused on the antibiotic resistance gene reservoir of the gut microbiota, gut communities constituting a very large reservoir of resistance genes for pathogens. Taking into account that our molecular approach did not allow the association of tet genes to bacterial hosts, we considered the detection of tet genes in inner organs as suggestive of their association to bacteria responsible for infection in the animals tested. We excluded contamination from intestinal contents because the intestines of the animals tested were intact and the DNA extraction was performed by removing an internal fragment from each organ with a disposable scalpel blade. In addition, different tet genes between intestine and other organs were identified in more than one animal. A high gene diversity for antibiotic resistance was identified, tet(M) and tet(X) genes exhibiting the highest rate of occurrence among tet genes in the animals and tissue samples, respectively. With respect to the prevalence of tet(M) gene, the results of the present study were consistent with other reports showing a wide distribution of tet(M) among both gram-negative and gram-positive bacteria (Roberts 2005) . Interestingly, our results showed a high frequency of tet(X), responsible for the enzymatic inactivation of the tetracycline molecule, which has long been considered as a rare resistance mechanism. Little research has been conducted on tet(X) because this gene is not considered clinically relevant. However, recent studies, most of which associated with the environment (Forsberg et al. 2015) , suggest that the enzymatic inactivation mechanism for tetracycline resistance should not be neglected and merits further investigation. Finally, the negative result for we obtained for tet(G) was not surprising, according to the low prevalence reported in literature (Pons et al. 2018) .
We used a culture-independent approach to detect AMR genes in hedgehogs and crested porcupines. Recent studies have directly investigated the presence of resistance genes by molecular analysis (Blanco-Peña et al. 2017) . Generally used diagnostic methods involve bacterial culture and subsequent detection of AMR specifically attributed to a microbial isolate. Faced with the high specificity of culturing, a possible underestimation of the AMR occurrence could occur, due to a consistent nonculturable fraction of microorganisms. Singer et al. (2007) suggested that there was excessive focus on resistant organisms and not enough on resistance genes in ecological studies of antimicrobial resistance, taking into account the capability of bacteria to transfer resistance genes. Considering AMR genes as environmental contaminants, methods which allow searching for these genes directly rather than for the bacteria carrying them could help in efficient-TABLE 2. Tetracycline resistance genes PCR detected in formalin-fixed and paraffin-embedded tissue pools or organs from Swiss hedgehogs (Erinaceus europaeus), March 2018.
Hedgehog ID
Samples tet genes detected S16-1350 Pool 1 (lung-kidney-spleen) None Pool 2 (heart-liver) None Brain None S16-1383
Pool 1 (liver-brain-small intestine-spleen) None Pool 2 (small intestine-pancreas-kidney-lymph nodes-lung) None Pool 3 (heart-lung-kidney-uterus-large intestine-bone marrow) None S16-1431 Lung K Pool (liver-spleen-kidney-lymph nodes) None S16-1541
Pool 1 (liver-spleen-kidney-lung-nasal conchae) A, K Pool 2 (heart-brain-stomach) A S16-1740
Pool (brain-lung) P S16-1746
Pool 1 (brain-eye-diaphragm) None Pool 2 (lung-kidney-liver-intestine-heart-spleen) None
